Spontaneous intracranial hypotension is an increasingly recognized cause of postural headache. However, appropriate management of obtundation caused by intracranial hypotension is not well defined. CLINICAL PRESENTATION: A 43-year-old man presented with postural headache followed by rapid decline in mental status. Imaging findings were consistent with the diagnosis of spontaneous intracranial hypotension, with bilateral subdural hematomas, pachymeningeal enhancement, and caudal displacement of posterior fossa structures and optic chiasm. INTERVENTION: Despite treatment with lumbar epidural blood patch, worsening stupor necessitated intubation and mechanical ventilation. Contrast-enhanced magnetic resonance imaging and computed tomographic myelography of the spine failed to demonstrate the site of cerebrospinal fluid fistula. The enlarging subdural fluid collections were drained, and a ventriculostomy was performed. Postoperatively, the patient remained semicomatose. To restore intraspinal and intracranial pressures, intrathecal infusion of saline was initiated. After several hours of lumbar saline infusion, lumbar and intracranial pressures normalized, and the patient's stupor resolved rapidly. Repeat computed tomographic myelography accomplished via C1-C2 puncture demonstrated a large ventrolateral T1-T3 leak, which was treated successfully with a thoracic epidural blood patch. Follow-up magnetic resonance imaging demonstrated resolution of intracranial hypotension, and the patient was discharged in excellent condition. CONCLUSION: Spontaneous intracranial hypotension may cause a decline of mental status and require lumbar intrathecal saline infusion to arrest or reverse impending central (transtentorial) herniation. This case demonstrates the use of simultaneous monitoring of lumbar and intracranial pressures to appropriately titrate the infusion and document resolution of intracranial hypotension. Maneuvers aimed at sealing the cerebrospinal fluid fistula then can be performed in a less emergent fashion after the patient's mental status has stabilized.
when lying down) and then became constant. This was followed by the development of horizontal diplopia and a progressive, rapid decline in gait and mental status that prompted hospital admission. At admission, he was stuporous with limited neck flexion, increased lower extremity tone, and extensor plantar responses. A brain computed tomographic (CT) scan obtained at another institution demonstrated evolving bilateral subdural hygromas and descent of the brain into the posterior fossa with effacement of the basal cisterns (Fig. 1A) . MRI of the brain performed at admission demonstrated large bilateral subdural hygromas, marked descent of the brain with effacement of the basal cisterns by descent of the midbrain and brainstem onto the clivus, cerebellar tonsillar herniation into the foramen magnum, descent of the optic chiasm onto the dorsum sellae, and diffuse dural contrast enhancement (Fig. 1,  B and C) . MRI of the entire spine was normal, demonstrating no evidence of an obvious perineural cyst or cerebrospinal fluid (CSF) leak. Magnetic resonance venography revealed a dominant right transverse sinus, and diffusion-weighted imaging revealed no abnormalities.
In view of the patient's progressive obtundation and the MRI findings suggesting intracranial hypotension, emergent treatment with a large-volume (30-ml) lumbar (L3-L4) epidural blood patch was performed, and the patient then was moved into a reverse Trendelenburg position for 2 hours. After the procedure, he had transient improvement in mental status, became oriented to person and place, and followed commands; however, his stupor returned within 12 hours. A second 30-ml lumbar blood patch was placed, which also resulted in transient improvement. However, the patient developed hiccups and labored breathing and became unresponsive. His pupils were unreactive bilaterally, and he had primitive grasp reflexes bilaterally. He could no longer protect his airway, and abruptly he required intubation and mechanical ventilation.
Immediate consideration was given to intrathecal saline infusion; therefore, a lumbar subarachnoid drain was placed under fluoroscopic guidance. At the same time, an emergent CT myelogram was performed in an attempt to localize the presumed spontaneous CSF leak. This demonstrated sequelae of previous lumbar epidural blood patches and abnormal extrathecal contrast accumulation extending from C7 to T6 suggestive of a CSF fistula, but with no obvious source of leak. A follow-up brain CT scan demonstrated interval increase in the large bilateral subdural hematomas and continued signs of central herniation.
The patient was taken to surgery on an emergent basis to drain the large bilateral subdural fluid collections. Burr holes were made bilaterally 12 cm posterior to the nasion and 3 cm lateral to the midline. Thick dural membranes were encountered and coagulated with bipolar cautery. The dura was opened in cruciate fashion, and a moderate amount (approximately 50 ml) of xanthochromic fluid was expressed at very low pressure (white blood cells, 733/l; red blood cells, 820,000/l; and glucose, 43 mg/dl). This area was irrigated copiously until clear. Lowering the head of the bed clearly increased the egress of fluid. Notably, the brain did not appear to rise or change position after drainage of these collections. A right frontal external ventricular drain catheter was placed, and CSF returned to a very low pressure (0 cm H 2 O).
Postoperatively, the patient was taken to the neurosurgical intensive care unit. Despite drainage of the subdural fluid, he remained severely obtunded with no improvement in mental status. Both the lumbar subarachnoid catheter and the external ventricular drain were connected to pressure transducers. In an attempt to restore intraspinal pressure and intracranial pressure (ICP), intrathecal infusion of preservative-free saline was initiated via lumbar catheter, with a bolus of 50 ml and then continuous infusion at a rate of 30 ml/h using a Medfusion pump (Medfusion Systems, Norcross, GA). ICP was monitored continuously, and subarachnoid lumbar pressure (LP) was monitored intermittently.
Initial LP and ICP were near zero with no waveform ( H 2 O, the lumbar saline infusion was stopped to avoid intracranial hypertension. Thereafter, LP and ICP slowly decreased. By 2 hours after resumption of normal ICP, the patient was briskly following commands with all four extremities. Two hours later, he was extubated, awake, alert, and fully oriented. Apart from a 3-day period of antegrade amnesia for the event and resolving horizontal diplopia and hyperreflexia, he became neurologically normal.
To better localize the CSF fistula, a repeat cervical CT myelogram was performed later that day via C1-C2 puncture under direct CT guidance. The patient was positioned prone on the CT scanner, and a C1-C2 puncture was performed using C-arm fluoroscopy. Multiple scans were performed through the cervical and thoracic levels to document more accurately the exact position of the CSF fistula (8) . On the second set of CT scans, an accumulation of extradural contrast medium was identified to the left of midline from the ventrolateral thecal sac ( Fig. 2A) . The contrast medium subsequently spread cranially and caudally from beyond the T1-T3 levels, but no specific site of leakage was identified. Successful treatment consisted of a large-volume (30-ml) epidural blood patch placed directly at the T4 level under CT guidance. The patient was maintained at bed rest for several days, during which time LP and ICP remained normal (ICP range, 4-21 cm H 2 O). The lumbar and intracranial catheters were removed on hospital Day 9, and the patient was discharged home in excellent condition on hospital Day 11. On the day of discharge, repeat brain MRI demonstrated decreased size of bilateral subdural hygromas, decreased dural enhancement, and elevation of the brainstem and cerebellum with restoration of basal cisterns (Fig. 2, B and C).
DISCUSSION History
Since Quincke (44) introduced lumbar puncture in 1891, the syndrome of spinal or postlumbar puncture headache has been well described (62) . The German neurologist Schaltenbrand (49, 50) was the first to describe a condition of spontaneously low or even negative CSF pressure with orthostatic headache, among other symptoms, which he termed primary SIH or "essential aliquorrhea." A similar condition was described by Woltman (66) . Subsequent investigators fur- . 1C ).
ther defined this syndrome of intracranial hypotension or "hypoliquorrhea" (3, 24, 26) .
Etiology
It was originally theorized that the "hypo-" or "aliquorrhea" resulted from decreased CSF production or increased CSF reabsorption (49, 50) . In 1976, Labadie et al. (23) used isotope cisternography to demonstrate normal CSF flow but rapid appearance of isotope in the urinary bladder, inconsistent with decreased production but consistent with either hyperabsorption or cryptic CSF leakage. Even into the early 1990s, some investigators thought hyperabsorption of CSF was responsible (38, 64) , despite the prior report of a patient with a localized T5 leak that closed after epidural saline infusion (18) . In 1992, Rando and Fishman (47) reported two cases of intracranial hypotension in which radionuclide cisternography demonstrated localized CSF leaks, and they hypothesized that the mechanism of CSF leak was caused by spontaneous rupture of a spinal arachnoid (Tarlov's) cyst. On the basis of this report and subsequent series, it is now thought that spontaneous spinal CSF leaks are the most common cause of SIH (51, 55) .
The cause of spontaneous CSF leaks is unknown but probably involves weakness of the spinal meninges (30, 39, 55, 58) . Some cases of spontaneous CSF leak are associated with generalized connective tissue disorders. Meningeal diverticula and SIH have been described with Marfan's syndrome (6, 11, 16, 55, 56) , and meningeal diverticula also have been described in autosomal dominant polycystic kidney disease (53), neurofibromatosis Type 1 (10, 29) , and Lehman syndrome (25, 42) . Presence of structural dural weakness or meningeal diverticula may allow CSF to leak into the extradural space, especially after a bone spur piercing the dura (9, 63) or iatrogenic causes (e.g., thoracic or spinal surgery) (22) .
Clinical Manifestations
SIH is nearly always (52) characterized by orthostatic headache that is worse with upright posture and improved during recumbency. In the presence of subdural effusions or hematoma, however, the headache may be constant and may lack postural features. In general, the onset of the headache is gradual or subacute, but some patients may present with thunderclap headache mimicking aneurysmal subarachnoid hemorrhage (59) . The headache may be holocranial or localized to the frontal or occipital regions. It is probably caused by CSF volume loss and subsequent traction on the pain-sensitive intracranial dura caused by downward brain displacement.
Associated symptoms vary and may include neck pain or stiffness, nausea, vomiting, horizontal diplopia, dizziness, hearing and visual changes, phonophobia, and photophobia (3, 5, 12, 20, 37, 51, 55, 65) . Horizontal diplopia, hearing changes, and vertigo may be attributable to traction of the abducens, cochlear, and vestibular nerves. Facial numbness or pain (37, 55) may be caused by traction of the trigeminal nerve, transient visual obscurations (20) to traction of the optic apparatus, and galactorrhea (67) to traction of the pituitary stalk. Rarely, as in this patient, severe sagging of the brain may lead to signs of central (transtentorial) herniation with stupor caused by diencephalic compression (2, 43, 55) .
Diagnosis
Neuroradiology is crucial in the evaluation and management of SIH, both for the initial diagnosis of SIH and for accurate localization of the site of CSF leakage. In the early 1990s, advances in MRI dramatically facilitated the diagnosis of intracranial hypotension (14, 19, 35, 40, 48) . The main imaging findings of SIH on CT and MRI scans, which also were observed in our patient, are secondary to increased venous engorgement and include pachymeningeal enhancement, descent of the brain into the posterior fossa, and bilateral subdural hygromas. Other features include enlargement of the dural venous sinuses and pituitary gland and chiasmatic drooping on the dorsum sellae.
Pachymeningeal enhancement after gadolinium administration occurs in at least 90% of patients with intracranial hypotension (5, 14, 34, 35, 37, 40, 48, 54) . This is thought to result from dural venous engorgement secondary to increased intracranial blood volume after CSF volume depletion, according to the Monro-Kellie rule (14, 31) . A similar mechanism involving venous hyperemia may account for enlargement of the pituitary gland (1, 32, 33) . Meningeal biopsies have demonstrated thin-walled dilated blood vessels without inflammation, but this finding is unnecessary for diagnosis (13, 21, 36) .
Descent of the brain into the posterior fossa, also called brain sagging or pseudo-Chiari malformation, is another characteristic of SIH. Imaging features include effacement of basal cisterns, flattening of the pons against the clivus, and hindbrain herniation with tonsillar ectopia (Fig. 1B) (14, 28, 40, 60) . Tonsillar displacement into the spinal canal may prompt the diagnosis of Chiari I malformation; therefore, some patients with SIH have undergone suboccipital decompressive surgery (55) .
Finally, subdural fluid collections (hematomas and hygromas) are commonly observed in patients with SIH (5, 14, 28, 40, 60) . Subdural hematomas are thought to be caused by tearing of bridging veins attributable to downward brain displacement. Subdural hygromas may constitute a compensatory increase in the volume of the subdural space, again according to the Monro-Kellie rule.
CSF Findings
It is unclear whether CSF evaluation by lumbar puncture is necessary for the diagnosis of SIH. Lumbar puncture may create another leak and aggravate the syndrome (15) . Typically, opening pressure of less than 60 mm H 2 O is documented (47) , and in some cases CSF can only be obtained via Valsalva maneuver or by aspiration (3) . CSF examination variably demonstrates pleocytosis, elevated protein, and xanthochromia (37, 47) . In some cases, this has led to the erroneous diagnosis of aseptic meningitis or encephalitis, especially when a contrast-enhanced MRI scan has been misinterpreted or omitted.
Localization of the Site of CSF Fistula
Localization of the site of CSF fistula can be difficult. A typical search for the leak begins with fat-suppressed fast spin echo MRI of the spine (7), which may reveal an extradural collection of CSF or a prominent perineural cyst. Supportive evidence for a spinal CSF leak includes CSF hygroma, epidural venous engorgement and dural enhancement, and paraspinous fluid collections behind C1-C2 (7). As in our patient, however, spinal MRI often is not sensitive enough to detect the actual site of a CSF leak, although extrathecal CSF accumulations and meningeal diverticula are visible (37, 45, 47, 55) . Dynamic decubitus myelography followed by CT myelography is currently the study of choice to define the exact location of a spontaneous CSF leak (55) . CT myelography can demonstrate a site of extrathecal contrast accumulation or define anatomic abnormalities such as meningeal diverticula (7, 8) . The majority of leaks are found at the cervicothoracic junction or in the upper thoracic spine.
Radionuclide cisternography also has been used commonly to evaluate spinal CSF leaks (6, 23, 38, 47) . However, it is less sensitive than CT myelography and has poorer spatial resolution (55) . It is useful in patients with cranial CSF leaks. The new modality of magnetic resonance myelography may prove useful (27, 46) .
Treatment
The headache in SIH usually resolves spontaneously. Occasionally, a prolonged period of bed rest is required. Medical management of SIH is largely ineffective. With intractable persistent headache or other signs and symptoms of SIH, the treatment of choice is epidural blood patch (4, 8, 17, 37, 55) . A large-volume blood patch (Ͼ20 ml) is preferable to a smallervolume patch to cover a greater epidural territory. Because the most common site of leakage is cervicothoracic, the patient should be placed in a reverse Trendelenburg position with the head lowered approximately 30 degrees for at least 10 minutes after the large-volume patch is used. Relief of symptoms is often immediate as a result of thecal compression and increased CSF pressure. It is presumed that long-term effectiveness relates to dural tamponade or fibrosis that scars over the site of the leak. Occasionally, several large-volume blood patches are necessary for permanent benefit (8) . The initial blood patch usually is placed in the lumbar spine regardless of the site of the leak because blood is known to spread over many levels (61) ; if ineffective, a more directed patch can be placed after more precise localization of the site of the fistula (at T4 in our patient). Other techniques that have been used include epidural saline infusion and percutaneous fibrin glue injection (18, 41) .
If all other measures fail, and the leak has been well localized by imaging studies, surgery can be attempted to repair the leak. This has been especially effective in the treatment of meningeal (Tarlov's) cysts (43, 57, 58) . Ligation of the diverticulum and/or packing of the epidural space with Gelfoam (Upjohn Co., Kalamazoo, MI) or fibrin glue has been proved effective in individual cases.
Management of Obtundation
There have been two prior case reports of patients with SIH presenting with stupor. Beck et al. (2) described a 40-year-old woman with progressive cognitive decline and orthostatic headache with imaging findings of SIH. Meningeal biopsy results were normal, with evidence of subacute subdural hematoma, and an ICP monitor was placed that demonstrated low ICP. Placement of a lumbar epidural blood patch led to an immediate increase in ICP to normal values and accompanying clinical resolution. Pleasure et al. (43) described a 51-yearold man with progressive headache, somnolence, and imaging findings of SIH. He did not improve after placement of three epidural blood patches, and intrathecal saline infusion was initiated via lumbar drain at 30 ml/h. LP was monitored, and the infusion was adjusted to a target of 11 mm Hg (14.3 cm H 2 O). The patient rapidly improved to normal mental status with the exception of antegrade and retrograde (1 mo) memory loss. In this case, the lumbar infusion was continued at 10 to 30 ml/h during evaluation for a CSF leak. Ultimately, he had two more blood patches that did not convey lasting relief, followed by surgery, which demonstrated a T4 Tarlov's cyst that subsequently was ligated.
With these cases, our case report demonstrates that SIH may not have a benign or indolent course. In the case of rapidly declining mental status, lumbar intrathecal saline infusion may be implemented to arrest or reverse impending central (transtentorial) herniation. Our case report further demonstrates that simultaneous monitoring of LP and ICP can be used to appropriately titrate the saline infusion and document resolution of intracranial hypotension. Although in some cases, lumbar saline infusion alone may be sufficient to reverse obtundation, in patients without immediate clinical response it may be valuable to monitor ICP concurrently to titrate the infusion. We also demonstrate that ICP and subarachnoid LP may not be correlated, presumably because of incisural block caused by downward displacement of cerebral structures. After several hours of lumbar saline infusion, during which time the LP slowly increased, ICP remained at 0 with no waveform, followed by an abrupt increase to 18 cm H 2 O with normal waveform and subsequent close correlation with the subarachnoid LP. It is presumed that this represents an "uncorking" phenomenon of the midbrain/hindbrain structures that was correlated with a dramatic improvement in the clinical condition of our patient. Although imaging studies were not immediately obtained, follow-up MRI demonstrated evidence of reversal of hindbrain herniation and restoration of the basal cisterns (Fig. 2, B and C) . Thereafter, with the patient's mental status stabilized, diagnostic and therapeutic maneuvers aimed at sealing the site of the leak were performed in a less emergent fashion and ultimately were successful at localizing and treating an upper thoracic leak.
CONCLUSION
In summary, our case report demonstrates that spontaneous intracranial hypotension may be complicated by obtundation, that this obtundation can be reversible by lumbar intrathecal saline administration, and that simultaneous LP and ICP measurements can be useful to appropriately titrate this infusion. Appropriate localization and treatment of the spontaneous CSF leak then can be undertaken.
